Cyanobacteria are major components of Antarctic Dry Valley ecosystems. Their occurrence in lakes and ponds is well documented, however, less is known about their distribution in edaphic environments. There has been considerable debate about the contribution of aquatic organic matter derived largely from cyanobacteria to terrestrial ecosystems. In this study, automated rRNA intergenic spacer analysis (ARISA) and 16S rRNA gene clone libraries were used to investigate cyanobacterial diversity in a range of soil environments within the Miers and Beacon Valleys. These data were used to elucidate the input of aquatic cyanobacteria to soil communities. Thirty-eight samples were collected from a variety of soil environments including dry and moist soils, hypoliths and lake and hydroterrestrial microbial mats. The results from the ARISA and 16S rRNA clone library analysis demonstrated that diverse cyanobacterial communities exist within the mineral soils of the Miers Valley. The soil samples from Beacon Valley were depauparate in cyanobacterial signals. Within Miers Valley, significant portions (29%-58%) of ARISA fragment lengths found in aquatic cyanobacterial mats were also present in soil and hypolith samples, indicating that lacustrine and hydroterrestrial cyanobacteria play a significant role in structuring soil communities. The influence of abiotic variables on the community structure of soil samples was assessed using BEST analysis. The results of BEST analysis of samples from within Miers Valley showed that total percentage of carbon content was the most important variable in explaining differences in cyanobacterial community structure. The BEST analyses indicated that four elements contributed significantly to species compositional differences between valleys. We suggest that the complete absence of lakes or ponds from Beacon Valley is a contributing factor to the low cyanobacterial component of these soils.
Introduction
Cyanobacteria are an ancient group of photosynthetic prokaryotic organisms that are integral parts of many terrestrial and aquatic ecosystems. They are found worldwide in diverse and extreme environments including oceans, freshwater, hot springs, bare rock and desert soils (Whitton and Potts, 2000) . In Antarctica, one of the harshest, coldest locations on Earth, cyanobacteria are considered the most important and dominant phototrophs in freshwater and terrestrial ecosystems (Taton et al., 2003) .
Cyanobacteria have been identified in the majority of ice-free habitats on the continent (Broady, 1996 (Broady, , 2005 Adams et al., 2006) . However, it is their presence in Antarctic lakes and ponds that have attracted the most interest and led to detailed research into their taxonomy (morphological and molecular), community structure, biogeographical distribution and physiology (for example, Vincent et al., 1993; Taton et al., 2003 Taton et al., , 2006a de los Ríos et al., 2004; Jungblut et al., 2005; Novis and Smissen, 2006) . Recent molecular-based studies on these systems have revealed a higher diversity than that documented by morphological methods and identified potentially endemic Antarctic species (Taton et al., 2003 (Taton et al., , 2006a . In contrast, the edaphic cyanobacterial communities of Antarctica have received less attention (Broady, 1996; Cavacini, 2001) . The few detailed studies undertaken relied primarily on microscopic identification, and, in most instances, cyanobacterial and algal abundance was insufficient for direct microscopic detection, and culturing was required (Cavacini, 2001) . There is also a paucity of research characterizing Antarctic soil microbiology and probing the environmental parameters, which might influence cyanobacterial community structure.
The McMurdo Dry Valleys are the largest ice-free region of Antarctica. They are characterized by extremely low temperatures and precipitation, the latter occurring only as snow, which is largely lost by sublimation (Doran et al., 2002) . These valleys are considered to be the coldest, most arid deserts on Earth (Cowan et al., 2002; Doran et al., 2002) . In general, most of the mineral soils of the valley floors lack any visible cyanobacterial or algal growth, whereas biomass is more apparent in glacial streams and lake margins (Taton et al., 2006a) . There has been considerable debate on assembly and viability of biotic communities in Dry Valley soils. It has been suggested that algae and cyanobacteria present in these mineral soils are not actively growing, but are derived from more suitable environments (for example, lakes) and are transported to the valley floors by wind (Horowitz et al., 1972; Broady, 1996; Cavacini, 2001; Aislabie et al., 2006) . Aeolian distribution of freeze-dried mats from lakes and ponds has been documented (for example, Parker et al., 1982; Moorhead et al., 2003) . In these extremely low carbon environments, microbial mats have been shown to be an important source of present-day carbon (Adams et al., 2006) , and thus may play an important role in soil ecosystem functioning. Recent molecular-based studies investigating entire prokaryote communities of Dry Valley soils have shown contradicting results regarding cyanobacterial diversity. A recent study in Luther Vale (TD Niederberger, IR McDonald, AL Hacker, RM Soo, JE Barrett, DH Wall, SC Cary, unpublished) found that cyanobacterial signals were confined to samples with significant soil water content, whereas Smith et al. (2006) identified multiple cyanobacterial species in a low moisture (0.6 weight % H 2 O) soil sample. Additionally, the latter study indicated that cyanobacterial phylotypes were dominating members of 'universal' bacterial 16S rRNA libraries from high-and low-altitude Dry Valley sites, but absent from mid-altitude sites, suggesting that gravimetric water content may be a poor indicator of cyanobacterial distribution.
Large-scale, community-level studies of cyanobacteria have been limited by the time-consuming nature of culturing and microscopic identification and the corresponding high level of taxonomic expertise required (especially for Oscillatoriales). Polyphasic approaches, including the use of 16S rRNA clone libraries, have provided detailed phylogenetic information and have added greatly to the knowledge of Antarctic cyanobacterial biodiversity (for example, Taton et al., 2003 Taton et al., , 2006a Jungblut et al., 2005) . However, these methods are extremely protracted and therefore not applicable for analysis of large sample numbers. Recently, a sensitive and high-throughput fingerprinting method known as automated rRNA intergenic spacer analysis (ARISA) has been developed (Fisher and Triplett, 1999) . This PCR-based method exploits the length heterogeneity of the intergenic transcribed spacer (ITS) region between the 16S and 23S ribosomal genes. Total community DNA is amplified with a fluorescently labelled forward oligonucleotide, allowing the electrophoretic step to be performed with an automated system in which a laser detects the fluorescent DNA fragments. Molecular culture-independent methods are subject to the well-documented pitfalls of PCRbased techniques (von Wintzingerode et al., 1997) , and this is also true for ARISA. Despite such limitations, ARISA provides a valuable tool that can be used to characterize and compare microbial communities. This technique has proven to be very robust and has been used in multiple studies of microbial populations in a variety of habitats including freshwater bodies (Newton et al., 2006) , coastal and oceanic marine environments (Brown et al., 2005; Hewson et al., 2006) , and differing soil types (Ranjard et al., 2001; Schloss et al., 2003) .
The objectives of the present study were to investigate cyanobacterial diversity in a range of soil environments within the Miers and Beacon Valleys using ARISA and 16S rRNA gene clone libraries and to investigate plausible physicochemical parameters that may be essential in driving the cyanobacterial multiplicity. Miers Valley is a coastal valley with a lake at its centre. Beacon Valley is a high-altitude valley (1200 m) with no lake system. We were particularly interested in assessing the contribution of aquatic and hydroterrestrial cyanobacterial mats to edaphic cyanobacterial communities. (Foley et al., 2007) . Two glaciers are positioned at the upper end of the valley (Miers Glacier on the northern side and Adams Glacier on the southern side), both of which sustain the lake volume via glacial melt-water streams. Lake Miers (elevation, 170 m) is approximately 1.5 km long and 0.7 km wide (Figure 1 ), approximately 20 m deep and permanently covered with about 6 m of surface ice (Baker, 1967; Voytek et al., 1999) .
Materials and methods

Site descriptions
Beacon Valley is one of the higher elevation icefree valleys in the region and is in close proximity to the Polar Plateau (77148 0 S, 160148 0 E). The valley consists of a flat floor approximately 18 km long with an elevation of 1200 m at the northeastern end and 1350 m at the southwestern end (Ugolini et al., 1973) . As a consequence of this higher altitude, the valley experiences lower temperatures and less precipitation and glacial melt than Miers Valley. The mean annual temperature is approximately À35 1C (Foley et al., 2007) .
Sample collection
Surface soil samples were collected in Miers Valley at 50-m altitudinal intervals along two vertical transects on the southern (S171-S634) and northern (N171-N626) sides of the valley. Each transect started at the edge of Lake Miers at an altitude of 171 m and finished on the ridge above the valley at an approximate altitude of 630 m (Figure 1 ). Cyanobacterial mats were collected from three locations on the southern side of Lake Miers. Samples LMM1 and -2 were collected from lake mats close to the shoreline. Sample LMM3 was a dried mat collected 10 m from the lake's edge. Microbial mat material was also collected from a stream flowing into the lake (LMM4). Two samples were collected from hydroterrestrial environments; one at the edge of a stream in front of Adams Glacier (MVAG1) and the second from a moist soil area in front of Miers Glacier (MVMG1) (Figure 1 ). Samples were collected using a stainless steel spatula (swabbed with alcohol between collections) and placed in sterile 50-ml Falcon tubes. Seven hypoliths (microbial communities found under translucent rocks) were collected from a 50-m radius site on a sloping gravel field approximately 200 m west of Lake Miers (Figure 1 ). These were carefully removed from the soil and placed in sterile polyethylene Whirl-Pak bags. Samples were collected between 6 and 11 December 2006.
Five surface soil samples were collected from the upper northern side of Beacon Valley. Samples BA and BD were collected at the terminal end of 50 m long transects that each radiated out from a central sampling point (BX). Samples were collected as described for Miers Valley soil samples. They were collected on 13 December 2006 at an altitude of 1380 m.
All samples were stored in the dark and below 0 1C while in the field and at À80 1C in the laboratory until needed for further analysis.
Soil chemistry analysis
Gravimetric soil moisture was determined for all soil samples from the mass loss of a 5-g subsample at 105 1C after 48 h. Elemental concentrations in the soil samples were determined following aqua regia digestion on an inductively coupled plasma mass spectrophotometer (ICP/MS) (ELAN DRC II; Perkin Elmer, Auckland, New Zealand) by the ICP Laboratory at the Waikato University School of Science. The total percentage of carbon (organic carbon and carbonates) and nitrogen was determined using a . Duplicate PCR products were combined and visualized on a 1.5% agarose gel, then purified using a High Pure PCR product purification kit (Roche Diagnostics) and eluted in 30 ml.
Amplicons were diluted 1 in 10 with sterile water and 2 ml of product mixed with 0.25 ml of ROXlabelled genotyping internal size standard ETR900R (GE Healthcare, Auckland, New Zealand). Each sample was made to 10 ml with 0.2 v/v Tween 20 in sterile water. Intergenic spacer lengths were determined by electrophoresis using the MegaBACE system (Amersham Pharmacia Biotech, Auckland, New Zealand). Run conditions were 44 1C separation temperature, 10 kV voltage and 120-min separation time. Analysis was undertaken by the University of Waikato Sequencing Facility (Hamilton, New Zealand).
Statistical analysis of ARISA fingerprints
Automated rRNA intergenic spacer analysis fragment lengths (AFLs) were analysed by Genetic Profiler V.2. (GE Healthcare) and the data transferred to Microsoft Excel for further processing. AFL and florescence for each sample were aligned using an Excel Macro. Previous research undertaken on unialgal cyanobacterial cultures has shown that there are occasionally small shifts in the AFLs between ARISA analyses (SA Wood, A Rueckert, SC Cary, unpublished). To account for this variability and ensure that species diversity was not overestimated, AFLs that differed by less than or equal to 2 bp were considered identical. If multiple AFLs fell within this range, then only the AFL with the highest florescence was maintained. AFLs falling below a threshold of 250 Fluorescence Units were considered 'background noise' and discarded. AFLs of less than 300 bp were considered to be too short to be true ITSs and were removed from further analysis. All AFL information was transposed to presence/absence data for statistical analysis.
Statistical analyses were undertaken using the PRIMER 6 software package (PRIMER-E Ltd, Ivybridge, UK). Multivariate analysis of the ARISA fingerprints from all sites was performed using multidimensional scaling (MDS) based on BrayCurtis similarities. MDS analysis provides a graphical ordination of the samples based on the relative values of similarity to each other. Ordination of the Bray-Curtis similarities was undertaken using nonmetric MDS, with 100 random restarts and the results plotted in two dimensions. Agglomerative, hierarchical clustering of the Bray-Curtis similarities was performed using the CLUSTER method of the PRIMER software, and this information superimposed onto the two-dimensional MDS plot at similarity levels of 20% and 40%.
Analysis of similarities (ANOSIM) provides a method to assess statistical differences between groups in multivariate data sets. ANOSIM was used to compare the following defined groups: South transect-Miers Valley (MV), North transect-MV, lake cyanobacterial mats-MV, hydroterrestrial cyanobacterial mats-MV, hypoliths-MV and Beacon Valley. ANOSIM produces a sample statistic, R, which represents the degree of separation between test groups (Clarke, 1993) . A value close to 1 indicates the community composition is totally different, whereas a value of 0 indicates no difference. A Monte Carlo randomization was used to test the statistical significance of R.
The influence of abiotic variables on the community structure of the soil samples (that is, South and North transect-Miers Valley and Beacon Valley samples) was assessed using the BEST analysis in PRIMER 6 (Clarke and Gorley, 2006) . No abiotic information was available for the other samples, and these were not included in the analysis. The BEST analysis selects the environmental variables that may explain biotic patterns. The BEST procedure achieves this by using every possible combination of abiotic and biotic variables until it finds the 'best' fit. This is done by finding the combination of predictor variables whose Euclidean distance matrix produces the highest Spearman's rho (r). The BEST analysis was run twice on our data set, once comparing only the North and South transect samples and the second time comparing all soil samples.
16S rRNA and internal transcribed spacer clone libraries Three samples, LMM1, S334 and N184, were selected for the construction of cyanobacterial clone libraries. The samples were selected as they contained a high diversity of AFLs. The 16S rRNA gene and ITS were amplified from genomic DNA using primers 338F 5 0 -ACTCCTACGGGAGGCAGC-3 0 (Muyzer et al., 1993) , and a modification of primer 23S30R ( Taton Cloning of the PCR product was performed with a TOPO TA cloning kit (Invitrogen) following the manufacturer's instructions. Twenty-four clones with an insert of the correct size from sites LMM1 and S334 and 10 from N184 were randomly selected for sequencing. Plasmids were extracted following the protocol described in Kotchoni et al. (2003) and sequenced using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Auckland, New Zealand). Sequencing employed primers T3, T7 (TOPO TA cloning kit; Invitrogen) and 1392R (5 0 -ACGGGCGGTGTGTRC-3 0 ) (Lane et al., 1985) .
Phylogenetic analysis of 16S rRNA
The phylogenetic relatedness of the 16S rRNA gene sequences obtained in this study was established using 16S rRNA gene sequences (1200-1600 bp) from the Ribosomal Database Project (RDP; http:// rdp.cme.msu.edu/). Sequences obtained in this study were deposited in NCBI GenBank database under accession nos. EU032357-032396. Table 4 ). In contrast, the elemental analysis showed some significant differences in composition among the sample types. These differences were most significant between the Miers Valley and Beacon Valley sites (Table 4) .
Results
Soil chemistry
Community structure Analysis of the ARISA data for all samples identified a total of 108 distinct ALF (that is, peaks). When AFLs were totalled across each sample type, the highest diversity and average AFLs per sample was observed in the South transect samples (63 and 19.2, respectively) ( Table 1 ). This was closely followed by the hypolith samples with a total AFL number of 51 and an average AFL number of 12.1 per sample (Table 1) . Beacon Valley samples BA and BB contained no AFL, and these samples were removed from all further analysis. Samples BC, BD and BX contained only one identical length AFL. Triplicate DNA extractions and ARISA PCRs were undertaken on these samples, and this result was reproducible. In addition, DNA from these samples was amplified using the universal bacterial ARISA primer set 1406F/23SR (Fisher and Triplett, 1999) , and diverse AFL profiles were observed (data not shown). Thus, we believe this result reflects the true cyanobacterial diversity and is not due to the presence of substances inhibiting PCRs. The AFL found in the Beacon Valley samples was not unique to these samples and was also found in soil and hypolith samples from the Miers Valley.
All AFLs found in all cyanobacterial mats (that is, lake and hydroterrestrial) were compared to all other samples to assess similarities. The highest similarity was found in the North transect samples, in which 58% of the AFLs in the soil samples were also found in the cyanobacterial mats. This similarity was markedly higher than the 29% for the South transect and 32% for hypolith samples (Table 1) .
Multivariate analyses revealed that the community structure differed among sampling sites (ANO-SIM R ¼ 0.722, Po0.001). Pair-wise comparisons of lake and hydroterrestrial mats, and hypolith and hydroterrestrial mats revealed no significant differences ( Table 2 ). The Beacon Valley and hydroterrestrial mats did not differ significantly, but this result was probably due to the low number of samples from each location.
There were several prominent patterns in the twodimensional MDS ordination of the 38 samples (Figure 2) . With the exception of S171 and S184, the South transect samples formed a homogeneous cluster that was clearly separate from the other samples. Samples S171 and S184 clustered more closely with samples from the North transect, which formed a loose cluster, with some distinctly different samples, for example, N484 and N534. Interestingly, there was no definitive clustering of the hypolith samples, indicating that each is a unique community. A similar pattern was observed for the hydroterrestrial mats. The Beacon Valley samples formed a separate cluster, reflecting the extremely low diversity in these samples compared to the Miers Valley samples.
16S rRNA sequence and internal transcribed spacer analyses The analysis of the 16S rRNA sequences showed a similar diversity to that observed in the ARISA profiles. From a total of 24 clones, 10 unique 
Discussion
The McMurdo Dry Valleys comprise the majority of the less than 0.3% ice-free regions of Antarctica.
Organisms that survive in these valleys are subjected to extreme conditions including low temperatures and precipitation, severe katabatic winds and dramatic physical and chemical gradients such as high salt concentrations and low carbon supply (Cowan and Tow, 2004; Barrett et al., 2006a) . In the absence of vascular plants, the mineral soils of the Dry Valleys are dominated by microbial communities. Contrary to earlier assumptions, which predicted low community complexity and spatial heterogeneity, recent molecular-based research (for example, Cowan et al., 2002; Aislabie et al., 2006; Barrett et al., 2006b; Smith et al., 2006 ; TD Niederberger, IR McDonald, AL Hacker, RM Soo, JE Barrett, DH Wall, SC Cary unpublished) has shown that the Dry Valley soils contain a much more diverse community assemblage than would have been expected given the harsh environmental conditions.
Cyanobacteria are major components of Dry Valley ecosystems. Their dominance, particularly in lakes, ponds and on moist soils, has resulted in research on numerous aspects of their taxonomy, physiology and ecology (Vincent et al., 1993; Taton et al., 2003; de los Ríos et al., 2004) . However, reports on cyanobacteria in Antarctic mineral soils are scarce and variable. Additionally, the source of the cyanobacterial component and their contribution to the organic matter of dry soils is the subject of debate (Broady, 1996; Cavacini, 2001; Aislabie et al., 2006) .
Comparison of the AFLs among samples has enabled us to make wide-scale spatial comparisons of cyanobacterial communities in a variety of soil environments across a broad range of climate and edaphic conditions. Cloning of the 16S rRNA gene and ITS region has allowed phylogenetic information to be attached to ARISA profiles, enabling tracking of specific species throughout samples. Interoperonic differences in spacer length occur within the genomes of microorganisms (Nagpal et al., 1998) , such that a single species may contribute more than one peak to an ARISA profile. Previous studies (for example, Gugger et al., 2002; SA Wood, A Rueckert, SC Cary, unpublished) indicate that species of the order Nostocales commonly have two types of intergenic spacer regions (that is, two AFLs), whereas Chroococcales and Oscillatoriales have only one. This was also apparent in our results when 16S rRNA analysis identified clones LMM1-3 and LMM1-10 as the same phylotype despite two different (sequence and length) ITSs being obtained. This information can be used to make predictions on the number of species that might be present in a sample from an ARISA profile. ARISA can underestimate species diversity because ITSs of different sequences, but identical length, can exist and be represented as only one peak in the ARISA profile (Fisher and Triplett, 1999 ; SA Wood, A Rueckert, SC Cary, unpublished).
Our results show that multiple cyanobacterial species exist within the mineral soils of the Miers Valley. Four to twenty-seven AFLs were seen in the ARISA profiles from the Miers Valley soils. Previous studies (for example, Cavacini, 2001; Broady, 2005) and our data show that Chroococcales, Nostocales and Oscillatoriales are present in soil samples. Interestingly, many of the sequences obtained from the clone libraries had low similarity scores to any 16S rDNA database entries, suggesting the presence of as yet uncharacterized cyanobacteria. Further polyphasic studies within Miers Valley should be undertaken to explore these potentially unique species. On the basis of the known number of ITSs (one or two) in species within these orders, it is likely that there are 415 species present in a single sample. While the clone libraries used in this study were not exhaustive, they clearly confirm the ARISA profile data and show multiple cyanobacterial genotypes in the soil samples. Smith et al. (2006) also noted a high cyanobacterial miscellany in a soil sample from the Miers Valley. This study used 16S rRNA gene clone libraries to assess soil microbial biodiversity and identified eight different cyanobacterial species in a high-altitude sample from a ridge above Miers Valley. Interestingly, the authors suggested that the cyanobacterial signals identified may constitute free-living cyanobacteria.
Elucidating the contribution of aquatic (lake and hydroterrestrial) cyanobacteria to soil cyanobacterial communities is important for many reasons. It provides valuable information on disbursal mechanisms and assists in prediction of potential community change with increased moisture content (that is, due to regional warming). Additionally, cyanobacteria are a rich source of organic matter and thus could play an important role in the contribution of nutrients to nutrient-deficient valley soils. During favourable conditions, soil cyanobacteria may make a significant contribution to in situ net primary productivity (Barrett et al., 2006a) . Several researchers have indicated that cyanobacteria found in Dry Valley soils are sourced from lakes. For example, in an assessment of Victoria Land soils, Aislabie et al. (2006) found only one cyanobacterial ribotype (Leptolyngbya sp). This species is dominant in all benthic mats of Victoria Land and was postulated to have been wind dispersed from nearby Lake Vanda. In a comparison of the AFLs from cyanobacterial mats and soil communities, we have shown that a significant number of the mat AFLs correlated to identical length AFLs in the Miers Valley soil samples. These results were further confirmed by the 16S rRNA clone libraries in which species present in the cyanobacterial lake mat sample (LMM1) were also found in clone libraries from two soil samples (S334 and N184). Our data indicate that at least within the confines of Miers Valley, the lake and hydroterrestrial cyanobacterial mats play a significant role in structuring the soil cyanobacterial communities. Extensive 16S rRNA gene libraries were constructed in a recent study (TD Niederberger, IR McDonald, AL Hacker, RM Soo, JE Barrett, DH Wall, SC Cary, unpublished) of dry soils collected within close proximity to Luther Lake in Luther Vale, North Victoria Land. The complete absence of cyanobacteria in their low moisture content soils is in stark contrast to our results and requires further investigation.
Genetic tools provide new facets to study microbial diversity. However, one caveat (when making assumptions on species diversity based on molecular techniques) is that these methods detect the presence of genes (or gene fragments), and this does not necessarily indicate the viability or intactness of the parent organism (Adams et al., 2006) . In the inherently arid and cold habitat of the Antarctic Dry Valleys, the degradation of DNA may be very slow (Adams et al., 2006) . This is possibly reflected in our study results. The high number of similar AFLs between soil and cyanobacterial mat samples indicates that at least some of the cyanobacteria in the soil is probably wind-borne dried mat material of lake origin. An extension of our work, which may shed light on the viable components of the cyanobacterial soil communities, could involve attempts to cultivate cyanobacteria from the soil samples, as was recently undertaken by Cavacini (2001) . However, as with other bacteria, the culturing of multiple cyanobacterial species (that is, to gauge true diversity) is difficult and requires different media types, nutrient concentration and matrices (that is, liquid or solid). The need for multiple techniques when isolating Antarctic cyanobacteria was recently illustrated by the recent study of Taton et al. (2006a, b) , who used a variety of procedures to culture cyanobacteria from lake mats. A second alternative that is currently being explored by our research group involves using molecular techniques based on environmental RNA (for example, direct analysis of specific genetic transcripts), which is a better indicator of current bioactivity.
Cyanobacteria are well-known for their ability to survive repeated desiccation and hydration (Vincent, 1988; Cavacini, 2001) . The presence of multiple cyanobacteria in the soils may have significant implications in terms of climate warming. A rise in temperature in ice-free areas is expected to increase the availability of liquid water (from glacial and permafrost melting; Cowan and Tow, 2004) . Such changes could dramatically increase water availability within Miers Valley soil systems, possibly facilitating cyanobacterial outgrowth. With 'dormant' cyanobacteria already present in the soils, it seems plausible that extensive macroscopic growth could occur within a relatively short time frame. Further evidence for this has been provided by experiments using cloches positioned on arid Dry Valley soils, which showed rapid growth of moss and cyanobacterial biomass (DD Wynn-Williams, personal communication, as cited in Cowan and Tow, 2004) .
Water availability has often been suggested as a major factor controlling biomass and diversity of Antarctic vegetation (Kennedy, 1993) . There is little doubt that a significant difference in gross water content affects cyanobacterial biomass. This is macroscopically apparent when comparing the dense mats from the lakes and hydroterrestrial environments (where water is not limited) to the dry soils of Miers Valley (where there is no macroscopic algal growth). However, the ARISA profiles do not show that increasing gravimetric water content increases diversity within soil environments in the Miers Valley. For example, the average number of AFLs per lake cyanobacterial mat was only 7.1 compared to 19.2 for the South transect soil samples. The comparison between the Beacon Valley and Miers Valley soil samples also sheds some light on this suggestion. The soil samples from the Beacon Valley have significantly higher moisture contents than those collected from the Miers Valley (Table 4) , and a simple correlation would suggest that a higher diversity and/or biomass would be expected in the former. However, few cyanobacterial AFLs were detected in the five soil samples from the Beacon Valley. This would suggest that variables other than gravimetric moisture content control habitat suitability for cyanobacteria in Antarctic soils. Our samples were collected only at one point in time and do not take into consideration potential seasonal changes in moisture content of the soils, which would be required before drawing further conclusions from these results. The results of the BEST analysis indicated that differences in soil elemental composition may be a contributing factor. Research on a variety of cyanobacterial species has shown that they have metal ion requirements often absent from other bacteria (Cavet et al., 2003) and that depauparate concentrations of some elements limit cyanobacterial growth. For example, oceanic cyanobacterial growth has been shown to be limited by iron, possibly due to its requirement in nitrogenase and hence nitrogen fixation (Chisholm et al., 2001) . The BEST analyses indicated that four elements contributed significantly to species compositional differences. The concentrations of two of these, magnesium and manganese, were significantly lower in the Beacon Valley than in the Miers Valley samples. Both of these elements are involved in key cellular processes in cyanobacteria, magnesium in chlorophyll production (Cavet et al., 2003) and manganese in the thylakoidal water-splitting oxygen-evolving complex (Bartsevich and Pakrasi, 1996) . Some metals have also been shown to have a toxic effect on cyanobacteria. Suroszl and Palinska (2004) showed that increasing copper dramatically inhibited the growth and caused damage to the ultrastructure of Anabaena sp. The major mechanism of copper toxicity is via disruption of plasma membrane integrity, which inevitably leads to loss of cell viability (Avery et al., 1996) . Notably, copper concentrations were significantly higher in the Beacon Valley soil and this may be a contributing factor to the low cyanobacterial abundance in the Beacon Valley samples. In situ spiking experiments or dose-response studies using Antarctic cyanobacterial cultures could be undertaken to investigate this hypothesis. Further investigation into the effect of elemental concentrations on cyanobacterial communities throughout the Dry Valleys are required and were beyond the scope of this study. Furthermore, we suggest that the complete absence of lakes or ponds from Beacon Valley is likely to be a contributing factor to the low cyanobacterial component of the soils. Beacon Valley is relatively isolated from the other valleys with the nearest major lakes being Bonny and Vanda, both located more than 35 km distant. The high altitude of the Beacon Valley results in colder year-round temperatures and less glacial melt, resulting in few suitable sites for hydroterrestrial cyanobacterial mats.
Wind has been suggested to be the most important dispersal agent for biomass in Antarctica (Broady, 1996; Nkem et al., 2005) . Our results add further Sources of edaphic cyanobacterial diversity SA Wood et al evidence to support this contention. However, studies using longer scale transects on a spatial scale of kilometres from Lake Miers would be of interest to establish the extent of the lacustrine influence in this region. The MDS analysis and ANOSIM indicated that there were significant differences in cyanobacterial community structure encountered over fine scales between two transects located in the same valley. This difference was surprising given the short distance (less than 2 km) between transects, but correlates with other Dry Valley studies, suggesting that prokaryotes are not ubiquitously distributed (Smith et al., 2006; Barrett et al., 2006a) . The BEST analysis indicated that total percentage of carbon was a possible variable accounting for this difference, with South transect soil samples showing slightly lower total percentage of carbon values than North transect soil samples. In general, the South transect ARISA profiles had a higher number of AFLs than the North (average 19.2 and 12.4, respectively), indicating greater species diversity in the former. An important consideration when interpreting ARISA data is that without an in-depth understanding of the species in a system and extensive experiments to clarify PCR bias, the data provide little or no quantitative information on the community members. In this study, we have therefore only used the AFL data to indicate the presence of a species (ITS region) in a sample. Although there were, on average, fewer AFLs in the North transect, this does not necessarily correlate to a lower cyanobacterial biomass. As a higher percentage of the AFLs in the North transect samples correlated to AFLs in the cyanobacterial mat samples, it is plausible that the influence of the lake is not homogeneous, possibly due to dominant wind direction/circulation patterns.
Carbon dynamics are one of the most useful measures for delimitating soil biota and ecosystem functioning (Barrett et al., 2006b) . Harsh environmental conditions limit carbon fixation by primary producers (Barrett et al., 2006a, b) , resulting in the extremely low organic carbon concentrations in Antarctic soils (Burkins et al., 2001) . Microbial mats are known to be a source of present-day carbon (Adams et al., 2006) , and our data suggest that the hydroterrestrial and lacustrine cyanobacterial mats of the Miers Valleys have a significant effect on the biological functioning of mineral soils, that is, the more cyanobacterial mat AFLs in a soil sample, the higher the corresponding carbon content of the soil. Further studies are underway to ascertain the effect of differences in carbon content on total prokaryote community composition within Miers Valley.
Hypolith communities are found beneath translucent stones (Cowan and Tow, 2004) . Their distribution in the Dry Valleys is probably limited to areas where suitable diaphanous stones exist. Algae and cyanobacteria are often dominant members of hypolith communities, and it has been observed that the salinity, nutrient and water availability has an effect on determining the dominance of each species within a hypolithon (Broady, 1996; Thomas, 2005) . The hypolith ARISA profiles from this study suggest multiple cyanobacteria species exist (5-19 AFLs) within these tightly confined communities. The MDS analysis shows clear differences in the hypolithic cyanobacterial community structures. Hypoliths sampled in this study generally had 420% AFL similarities. However, ANOSIM showed that hypolith cyanobacterial community diversity was not significantly different to that of the lake or hydroterrestrial cyanobacterial mats. The most likely explanation for this is that protection provided by the rock prevents wind evaporation and trapped moisture increases the available water (Cockell and Stokes, 2004) , thus creating an environment suitable for species with higher water requirements.
The ARISA and 16S rRNA clone libraries revealed that the soils of Miers Valley contain multiple cyanobacterial phylotypes. A significant portion of the phylotypes present in the soil samples were also present in the lake and hydroterrestrial cyanobacterial mats, indicating that these play a significant role in structuring edaphic cyanobacterial communities. In contrast, very low cyanobacterial diversity was apparent in soil samples collected from Beacon Valley. We postulate that this is partly due to the absence of a nearby lake and may also be linked to the more extreme environmental parameters and colder temperatures of this remote, high-altitude valley. Previous research has shown that cyanobacterial mats are an important present-day source of carbon (Adams et al., 2006) . Our data strengthen these findings and suggest that within the Miers Valley, cyanobacterial mats may play an important role in soil ecosystem functioning either as an active biological component or as a nutrient source.
